INTRODUCTION

Harmonic voltage distortion has been growing steadily across Europe with total harmonic distortion (THD) & 5 th
harmonic distortion increasing by 1% of the fundamental voltage every 10 years [1] . This trend if it continues unchecked will result in harmonic voltage distortion in excess of equipment compatibility levels.
Control measures to limit the growth of harmonic voltage distortion by limiting harmonic current injections include product emission limits for LV equipment and assessment procedures for the connection of equipment and groups of equipment outside the scope of product emission limits.
In addition to the connection of new load another reason for increasing harmonic voltage distortion is an environmental one. It is now far more likely for new circuits to be underground rather than overhead due to the difficulty encountered in obtaining overhead line routes. This paper examines the impact of MV & HV underground network extensions on harmonic voltage distortion, using real-life case studies from EDF Energy's networks in Great Britain.
THE IMPACT OF NETWORK EXTENSION ON HARMONIC VOLTAGE DISTORTION IN A SIMPLIFIED NETWORK
Simplified Network Configuration
Consider a simplified generic network fig 1. The network can be represented by source impedance s Z , load resistance l R , network series impedance n Z , network susceptance n B . To this network an additional unloaded underground cable with susceptance c B proportional to length is added. 
Harmonic impedance of simplified network
The harmonic impedance for harmonic current injection I h is:-
where:-n = harmonic number l = additional cable length
To demonstrate the characteristics of this simplified network parameters derived from an EDF Energy 132kV network in Norfolk (England), all expressed against a 100MVA base, have been inserted into equation 1 as follows:-
Initial impedance plot
Prior to the connection of additional cable the harmonic source impedance h Z from equation 1 plotted as a function of harmonic number n is as shown in fig 2. The resonant frequency in this example prior to the connection of additional cable is at n = 13. 
Adding Underground Cable -Harmonic Distortion Gain
The impact of adding additional cable can be expressed as a harmonic voltage distortion gain factor:
Gain from equation 2, plotted at 5 th harmonic in fig 3 peaks at 5p.u. with the addition of 160km of underground cable. Gain at 7
th harmonic peaks at 4p.u. with the addition of 70km of underground cable. Gain at 11 th harmonic peaks at 1.8p.u. with the addition of 11.5km of underground cable. The most significant harmonic current injection into distribution systems is 5 th harmonic because this is a characteristic injection of both single and 3 phase rectification. In the absence of large rectifiers using 12 or more pulses, or system resonance, it is likely that 5 th harmonic voltage distortion will be dominant in the make up of THD. It is therefore interesting to look more closely at the 5 th harmonic gain. From fig 3 it can be seen that with increasing cable length, 5 th harmonic voltage distortion is increased by 50% with the addition of 56km of underground cable and is doubled by the addition of 84km of underground cable.
Predictions based on this simplified network may appear alarming, but it is a fact that significant harmonic gains can and do appear in real networks.
PRACTICAL EXPERIENCE BASED ON THE IMPACT OF SWITCHING UN-DAMPED CAPACITOR BANKS
The change in harmonic distortion produced by switching undamped capacitors on to a bus can demonstrate the potential for harmonic gain associated with increasing underground cable lengths. The following is a case study involving the EDF Energy system in Norfolk (England) from which the parameters for the simple model were derived. This network has switched capacitors and a proposed connection to an offshore wind farm using underground cable.
Network Configuration
In the network shown in fig 4, bus A & bus B are each connected via 2 x 400/132kV auto-transformers to a 400kV bus and are interconnected via a generator site at bus C. The 132kV network and bus inter-connector circuits are a combination of overhead lines and underground cables. 132kV Bus A used to have 180 MVAr of un-damped reactive compensation capacitors switched in 3 x 60 MVAr blocks connected to it. The reactive compensation is used to support voltage in the 400kV transmission system and is switched in stages following the daily load cycle. Figure 5 shows the measured impact of capacitor switching on 5 th harmonic distortion at buses A & B. At bus A switching in the first 60MVAr capacitor produces a 40% gain in 5 th harmonic voltage distortion. Switching between 60 -120MVAr produces a further 56% gain while switching between 120 -180MVAr produces a 14% loss. The implication is that the harmonic impedance is peaking on this bus at 5 th harmonic within the range of capacitance switched. probably caused by a variation in the ratio between harmonic current injected and resistive demand which would lead to a variation in "Q" factor of the resonant circuit.
The planning limit at 132kV for 5 th harmonic voltage distortion in the U.K. is 2% and to prevent the reactive compensation causing this limit to be exceeded the compensation equipment was enhanced to establish a tuned filter network.
For a 132kV underground cable in the simplified example with a susceptance of 0.75j%/km a 60MVAr capacitor would be equivalent to 80km of cable.
Connecting a 100MW Offshore Wind Farm to Bus A
The possible connection point for an offshore wind farm is located at a route length of about 40km from bus A. The route is characterised by a national park and an area of outstanding natural beauty making the possibility of obtaining consent for an overhead line exceedingly unlikely.
A detailed harmonic impedance and voltage distortion analysis was included in the design studies for underground options to evaluate the best connection for an offshore wind farm and establish if there was a need for filter equipment to counter the gain caused by the addition of the circuit to the wind farm and other infrastructure reinforcement.
Given the evidence from the capacitor switching measurements it is not surprising that the analysis concluded that there was a need to have harmonic filtering to stay within harmonic voltage distortion planning limits when operating without damped reactive compensation.
REGULATING HARMONIC VOLTAGE DISTORTION
Harmonic voltage distortion is the product of harmonic current injection and harmonic impedance, so in addition to controlling the growth of injection current there may also be a need to control the growth of harmonic impedance.
Regulating Harmonic Current Injection
Harmonic current injection into the distribution network is regulated by a combination of product emission limits in IEC 61000-3-2 [2] for LV equipment rated up to 16A, and assessment procedures for larger individual items of equipment or groups of equipment. In the U.K. the assessment procedures are defined by Engineering Recommendation G5/4 [3] which for LV networks follows the principles defined in IEC technical report 61000-3-4 [4] and for MV & HV networks follows principles defined in IEC technical report IEC 61000-3-6 [5] .
For MV & HV networks the availability of capacity to accept harmonic current injection is determined firstly by measuring harmonic voltages at the point of common coupling and comparing these with planning limits. The next step is to determine if the magnitude of the available capacity is sufficient to accept the proposed harmonic current injection. This is undertaken by comparison with tabular limits and simple calculation based on the "Worst Case Impedance Approach" of appendix 1 IEC 61000-3-6 for MV voltages below 33kV. For voltages at 33kV and above and instances where the "Worst Case Impedance Approach" produces a prediction above planning limits, detailed system modelling is undertaken using a harmonic analysis programme.
Where the proposed injection exceeds the available capacity then connection is only permitted after mitigation such as harmonic filtering, increased pulse number or reduced source impedance.
Regulating Harmonic Impedance
The growth of harmonic impedance, unlike fundamental impedance, can be influenced by changes in downstream components such as capacitors, underground cables and resistive demand. Hence to manage harmonic impedance, both source components and downstream components must be controlled. Exercising control over downstream components will become increasingly more complex with the diversification in network ownership.
Increasing Diversity of Network Operators and Owners
The growth of competition in Great Britain for construction and ownership of distribution network extensions will increase the number of designers and owners of components that make a significant contribution to harmonic impedance. It will not be possible to control harmonic voltage distortion adequately unless responsibilities for data exchange and overall harmonic design are established.
Components that make up the harmonic impedance can be commissioned by several different parties. In the wind farm example ( fig. 4 ) the significant components involved in determining harmonic voltage distortion are listed in table 1. A change commissioned by any of the parties involved has the potential to cause an increase in the harmonic impedance of the 132kV system, though in the case of the 350,000 customers it would have to be a very significant customer
C C I I R R E E D D
with an increased harmonic injection, or a large linear load reduction. The example demonstrates how the transmission system operator originally caused a significant increase in harmonic voltage distortion by the use of un-damped capacitors for voltage control and how the proposed 132kV underground cable to the wind farm could cause this when the capacitor banks now configured as a tuned filter are not in service.
HARMONIC IMPEDANCE OF EXISTING RURAL UNDERGROUND NETWORKS
Rural 33kV Underground Network for Railway Electrification
In Southern and South Eastern England the railway infrastructure is electrified by an insulated 3 rd rail at 600-850 volts d.c. with the two running rails as the return conductor. The 3 rd rail is supplied from trackside converter substations with predominantly 12 pulse converters supplied from a 33kV a.c. underground cable network operated by Network Rail (who are responsible for the railway infrastructure in Great Britain). The 33kV cable network is in turn supplied from 132/33kV transformers that also supply 33kV distribution networks. In the 1920s the then Southern Railway Company adopted the 3 rd rail system operating at 660 volts d.c. and electrification from London to Brighton was completed in 1933.
Increased Electricity Supply Capacity
In 1999 new safety regulations for train operators in the U.K. required that railway train carriages were fitted with door locking mechanisms. This was not practicable on some of the older rolling stock designed for the 3 rd rail system and so a rolling stock replacement programme was introduced. Network Rail recognised that electricity demands of the new trains and timetable changes meant that some reinforcement of the 33kV a.c. system was required. This would involve both increased capacity at some of the 20 supply points from EDF Energy and additional circuits. The additional capacity involved increased harmonic injection. EDF Energy and Network Rail agreed that harmonic measurement and detailed system modelling would be required to satisfy the requirements of G5/4.
While the "Worst Case Impedance Approach" in appendix 1 of IEC 61000-3-6 [5] is not now used in the U.K. for MV and HV systems operating at 33kV and above it should be noted that the worst case impedance curve proposed for 33kV systems is not in any case appropriate for rural underground networks.
In these, the high shunt capacitance of underground cables combines with comparatively high series inductance of a low fault level source and the high shunt resistance of sparse rural demand to produce resonance with a lower frequency and a higher "Q" factor than urban underground networks.
Harmonic Voltage Distortion Measurements
Harmonic voltage measurements at the 20 supply points revealed many instances where 5 th harmonic voltage distortion was already between planning and compatibility limits. There was correlation between Network Rail load current and 11th & 13 th harmonic voltage distortion however; there was no apparent relationship for the 5 th harmonic voltage distortion.
Detailed System Modelling
Detailed system modelling of the combined EDF Energy and Network Rail systems was undertaken by London Power Associates. The analysis results of the combined EDF Energy and Network Rail systems clearly showed that the real reason for unusually high 5 th harmonic voltage distortion was the size of the cable network. Detailed analysis of cases above planning limits revealed harmonic impedances that were worse than Annex A of IEC 61000-3-6 "Worst case" suggested for 33kV systems of:
At the Croydon interface between EDF energy and Network Rail the detailed system modelling revealed a resonant peak at 7 th harmonic. In this example the 5 th harmonic impedance exceeds the "Worst case" by 35% while the 7 th harmonic impedance exceeds the "Worst case" by 60% (see fig 6) . At the Byfleet interface between EDF Energy and Network Rail the detailed system modelling revealed a resonant peak at an even lower frequency at 5 th harmonic. In this example the 5 th harmonic impedance exceeds the "Worst case" by 60% (see fig 7) . This railway supply arrangement is currently a rather unique example of a U.K. rural underground distribution system at 33kV, but it clearly points the way to what can be expected in the future with all new circuits underground and progressive under-grounding of existing overhead lines. If the "Worst Case Impedance Curve" approach is used for rural 
THE FUTURE OF HARMONIC VOLTAGE DISTORTION
In 2002 the European electricity industry association EURELECTRIC produced a report titled "Power Quality in European Electricity Supply Networks" [1] . In respect of harmonic distortion the report concluded that there has been a constant increase of 1% of the LV THD voltage as well as the 5th harmonic voltage, with respect to the fundamental voltage every 10 years. If harmonic distortion continues to grow at the same rate then in the next few decades there will be a widespread need for mitigation of harmonic voltage distortion. It is likely that this will happen first in systems with a high product of underground cable route length and source impedance, where the capacity to accept 5 th harmonic injection is reduced.
CONCLUSIONS
• To control harmonic voltage distortion there is a need in some circumstances to exercise control over harmonic impedance as well as harmonic current injection.
• To control harmonic impedance the network designer must consider both upstream & downstream components. This may require consultation with a number of separate owners.
• Projects that significantly increase the underground cable network or that add capacitors for reactive compensation are likely to need additional harmonic filters.
• Standards bodies will need to consider how to share the rural underground network capacity to accept harmonic injection before extensive rural underground networks become commonplace.
• Industry regulators will need to consider the responsibilities and mechanisms for cost recovery to enable reinforcement of harmonic capacity to take place.
• A minimum factor of 2 should be used up to the 8 th harmonic for MV & HV rural underground networks at voltages of 33kV and above if the "Worst Case Impedance Curve" approach is used.
• Rural underground HV & MV networks have a significantly reduced capacity to accept 5 th harmonic current injections. Areas supplied by these networks will be the first to require additional measures to mitigate 5 th harmonic voltage distortion if the growth identified by EURELECTRIC report continues.
